This paper describes the development of a prototype product named MAGIC-HAND that has been developed to open bottles, jars and packages that require a twisting action. Its intended users are people with severe disabilities who are not capable of using the current range of package opening tools. It is a kitchen accessory device and fits into standard kitchen furniture. The machine uses novel design approaches applying human centred virtual prototyping methodology. It is highly automated so users need only place the package in the machine, close the door and activate the machine with a single touch of a button. The machine automatically centres the package, grips its base, senses the height of the closure, grips it and twists it open. Safety features are provided to ensure fingers cannot become trapped by accident. User trials have highlighted both the advantages and disadvantages of the machine. A comparison with current jar and bottle opening machine is provided. Routes to commercialisation are discussed.
Introduction
The global packaging industry is one of the world"s largest and most diverse manufacturing sectors, valued at over US$400 billion. Estimates from the World Packaging Organization suggest the industry employs more than five million people in about 100,000 companies worldwide [1] . The industry cooperates with food manufacturers to supply products that are packaged for hygiene, safety, storage and convenience but it is recognized that some packages are difficult to open, particularly for the elderly population for whom muscle weakness, joint pain and neurological disorders are common.
As life expectancy increases, so does the time living with age-related changes and disabilities. The US Administration on Aging (AoA) reports that about one in every eight Americans is aged over 65 and the older population will continue to increase dramatically over the next 30 years [2] . Those over age 85 represent the fastest growing segment of the population. The European Commission reports that among the developed countries, Europe and Japan will experience the most pronounced ageing trends up to 2050 [3] . The share of the over 60 age group will be around 37% in Europe and even more in Japan, compared to only 27% in North America, where population growth will continue to be relatively strong.
The old-age dependency ratio is an indicator that the availability of assistance to older people is likely to diminish. This ratio is the total population aged 60 and over divided by the population aged 15 to 60 (Table 1) . It is used to forecast financial implications of pensions policies but it is also useful for those concerned with management and planning of caring services [4] . The reduction in the availability of support promotes the development of assistive technology (AT).
Insert Table 1 
Aims
The aims of the work described in this paper were, first, to develop a sophisticated home appliance named "MAGIC-HAND" that would open jars and bottles and secondly, to conduct a user evaluation. The machine would be suitable for people who find the task of opening these packages either extremely difficult or impossible, even with the aid of existing opening devices. The work was undertaken in the EU PACKAGE project (Provision for improved lifestyles via Access to Consumer packAGEs), funded by the European Commission"s Information Societies Technology (IST) Programme. Full details of the project are described in its final report [5] .
MAGIC-HAND was developed to promote independent lifestyles. Its users would need multiple assistive technology devices, so it is therefore better described as smart home technology, a term used for the electronic and computer-controlled integration of devices in the home [6] . They include controls for doors, windows, curtains and blinds; heating, lighting and security systems; communication aids; water taps; cookers and bed warmers but currently do not include opening machines for food packages.
Target users
The target users are people with impaired upper limb function who have major difficulty 
Jar and bottle opening machines
A number of inexpensive non-powered jar and bottle opening devices are available from retail stores and supermarkets. They include semi-rigid cone shaped rubber mouldings with finger grips, flexible rubber mouldings to grip small tops, fan shaped openers with serrated inside edges, and rubber straps which self-tighten around a closure when a handle is turned in the opening direction. In addition there are a number of tools to break vacuum seals and also holders that grip containers prior to opening. These simple devices are unsuitable for the target users, who need powered openers. Two commercially available powered jar and bottle openers were identified.
LIDS-OFF ™ is supplied by Applica Consumer Products, a licensee of Black & Decker household products. It is a portable device that is intended for one-handed operation and requires no hand strength. To operate, the user places the jar on the machine's bed, rotates the bed to hold the jar in place, lowers the top of the jar opener to the top of the jar and presses a button. It is designed to be accessible to people of all levels of dexterity and strength, and to work with a wide range of jar and lid sizes. Its market is the general population, especially women who have difficulty in opening jars, particularly lids on vacuumed sealed jars.
OPEN-UP ™ is the second jar and bottle opener for the general consumer market. It is a battery-powered device that can fit to the underside of a kitchen cabinet. It operates when a jar or bottle is pushed into an opening cone to activate a pressure switch. The cone rotates slowly, applying a frictional torque to the closure. The user is required to hold the bottle"s base and exert a reaction torque.
The JAROMATIC ™ is a prototype device, similar in concept to LIDS-OFF and has been designed to open jars and bottles. It also has one-handed operation and no hand strength or effort is needed. Its owner and inventor (Jerry Russell) developed his original prototype in 1998 to meet the needs of a friend. It is not yet a retail product due to production delays.
Human Centered Virtual Prototyping (HCVP)
The definition of MAGIC-HAND's functional specification was done within the framework for the Human Centered Virtual Prototyping (HCVP). This is a methodology for designing and manufacturing prototypes using computer tools as an aid during the entire design process. Lorentzon and Bolmsjö have provided a full description of this methodology [7] , for which an important aspect is information integration, not only between computer tools but also primarily between human resources and their different expertise areas. It is a holistic approach that places human resources at the centre of the developing process.
To implement the Human Centered Virtual Prototyping methodology, a User Group Forum (UGF) was established early in the PACKAGE project, comprising potential users of MAGIC-HAND recruited from caring and charity organisations in Stoke, Central England. Its members were invited to comment upon the existing range of nonpowered opening devices. People with arthritis reported that manual opening tools were painful to use due to twisting actions, wrist rotation and squeezing movements.
They complained they could not position their fingers and wrists correctly because of joint deformities and pain. Plastic handles were often regarded to be too rigid and many preferred longer handles. People who had suffered a stroke were able to use only one hand effectively, whereas some tools require two hands, one to hold the jar and the other to use the tool. It was quite common for people with tremor to have difficulty in positioning opening tools, for instance people with cerebral palsy have uncoordinated jerky movements. Lack of dexterity was a common problem; comments such as some tools are "too fiddly and awkward", "difficult to handle" and "keep falling off" were common. Some concern was expressed that tools with sharp or serrated edges might cause injury, especially to those people with poor eyesight. Others reported the contents might spill because it is difficult to apply high torque in a controlled manner.
The jar and bottle holders were popular and it was not unusual for users to say that they were indispensable. Members of the User Group Forum participated in the development of the functional and technical design specifications of MAGIC-HAND and later in the testing of prototypes.
Specifications
The criticisms and concerns of the members of the UGF were considered in the development of the functional specification. It was decided that MAGIC-HAND would be a functional aid within a suitably modified kitchen environment. A major reason for rejection of AT is the stigma attached to an assistive product, so it was decided that MAGIC-HAND would be fitted inside a standard kitchen unit, hidden from view. The unit could be fitted at either floor or shoulder level for a wheelchair user. The opener would have a very high level of functionality; the only tasks required of the user would be to place the bottle or jar on a tray that would slide in and out of the cabinet (Table 2 ).
Insert Table 2 None of the machines offers all the functionality that might be needed by users; for instance, bag slitters, cork pullers, openers for flexible cellophane wrapped packages and cartons, though a version of LIDS-OFF includes a can opener.
Development of MAGIC-HAND
Preliminary technical tests with a prototype machine showed that the task of opening jars and bottles is considerably more difficult than it initially appears. Smooth sided vacuum-sealed jars are difficult to grip securely and twist open; grippers suitable for one jar diameter might be unsuitable for other diameters; plastic bottles are distorted by crushing forces. The solutions adopted in MAGIC-HAND to these problems were first, to use only lateral forces to grip the base and closure of a package prior to opening and thereby avoid the application of compressive forces and secondly, to use the segment of a tractrix curve as the gripping surface for the base of the container. This curve has two advantages; it has self-locking characteristics and it is suitable for a wide range of 
Kitchen Unit
The base unit, vertical linear actuator and top unit are assembled together and secured on a sliding tray that fits inside a standard 400 mm wide kitchen unit. Wheelchair users can access the tray from the side (Fig. 3) . Besides disguising the opener, the kitchen unit is a safeguard to prevent finger entrapment and provides protection for children.
For safety purposes, an electromagnet locks the door and a light detection circuit checks the door is fully closed before the machine can operate.
Insert Fig. 3 
Operation
A light touch of the user"s finger upon a capacitance charge switch operates the machine (Fig.4) . This switch is not recessed and can be positioned at the user"s Insert Fig. 4 The pressure that is generated on the top of the bottle results in friction between the top unit and the package. This friction is required to close the opening mechanism of the top unit when it starts to rotate. Continued rotation applies a torque to unscrew the closure. The opening unit then rotates in reverse, thus opening the fingers. The top unit moves up to its top position, leaving room for the user to remove the package from the machine. A piezoelectric sounder is incorporated to provide audible indications to the user. A series of short sound beeps indicates that the system is commencing a cycle of operation; a series of longer beeps indicate the machine is ready and the door can be opened. For safety, commercially available EU-standards compliant power supplies are used and all power cables are shielded to avoid the generation of high frequency electro-magnetic fields.
Accessibility

MAGIC-HAND meets key recommendations of the Rehabilitation Research and Training Center on Independent Living Management (RRTC-ILM) team in Buffalo, NY
to promote accessibility within the kitchen [8] (Table 3 ).
Insert Table 3 
User Evaluation
User evaluation of the machine was conducted at the Innovationcenter in Housing for
Adapted Movement (In-HAM), Gits, Belgium. There were forty-two participants (21 male, 21 female) with an average age of 39 (minimum 21, maximum 59), who had been selected on the basis of their disability. All but one required assistance to open packages. They were given unlimited time to evaluate MAGIC-HAND with a variety of jars and bottles and were invited to provide spontaneous comments upon functionality, usefulness, appearance, size, practical issues such as installation, cost and maintenance. Their responses were grouped into positive and negative comments, as well as suggestions for further improvements. This was the first round of user testing and no statistical analyses were attempted. It could not be described as Beta testing.
Positive Reactions
MAGIC-HAND would promote independence and is suitable for people with severe disability because it has a high level of functionality and a single switch control. It is easy to use, intuitive and can be operated at the user"s own speed (no hurry, no pressure). It has an acceptable non-stigmatising appearance. Difficult packages such as pickled cucumber in large glass containers can be opened. The design had focussed on cylindrical packages but the trials showed that it works for square and oval packages as well. The internal light and LEDs were helpful for people with poor vision.
A number of variants could be provided to suit differing needs (height level, position of control, etc). Every participant considered the noise level satisfactory. Finally, the participants were not aware of any comparable product on the market.
Negative Reactions
The size of the machine was a concern, particularly for people with small kitchens.
Some opening operations required a second attempt if the first attempt was not fully successful. Some closures are damaged and difficult to reapply. Spilt fluids would be a problem for cleaning; components should be removable, so that they can be cleaned in a dishwasher. It would be an expensive product and views varied considerably on how much people would be prepared to pay. The majority expected the cost to be 250 euros. It would be a specialist product, not likely to be available from supermarkets and main street retailers. It is not a complete solution because other openers are needed for packages that do not have screw-top closures.
Further Improvements
A sizeable number of participants commented upon the value of a window in the door so that they can see when the machine has finished, like a clothes washing machine. A motorised tray would assist some users. Ideally, the functionality should be extended to open wine bottles and cartons.
Discussion
MAGIC-HAND is a novel mechatronic system with three principal technical features.
First, rather than applying downwards pressure on a closure to generate sufficient normal force that a frictional opening torque can be created, grippers that use lateral pinch are used to hold and rotate the base and closure. Secondly, the mechanism is capable of producing 22 Nm opening torque if the surfaces can provide enough friction.
Practical tests showed that difficult packages such as pickled cucumber and similar products in large glass containers could be opened. Thirdly, although the design focused on cylindrical packages, tests showed that it works well for square and oval shaped packages as well.
The Market
In order to promote methods to classify potential users of MAGIC-HAND, the authors have used the World Health Organisation"s International Classification of Functioning, Disability and Health, known more commonly as ICF [9] . In 2001, the 191 member states of the World Health Organisation agreed to adopt ICF as the basis for the scientific standardisation of data on health and disability world-wide. It provides a standard language and framework for the description of health and health-related states and it is a universal classification of disability and health for use in health and health-related sectors, including assistive devices. The formal definitions of the components of ICF are given in Table 4 .
Insert Table 4 The predicted activity and participation limitations for MAGIC-HAND users are listed in Table 5 , in accordance with ICF recommendations.
Insert Table 5 Although the ICF classifications provide some assistance in classifying potential users, the market (as opposed to users with perceived needs) for assistive technology such as MAGIC-HAND is difficult to define. The profiles of potential users have a wide range, so it is difficult to target purchasers solely on the basis of disability. 
Long-term commercial potential
The authors consulted manufacturers, retailers, charities and government bodies to promote MAGIC-HAND as a commercial product and concluded there are many major obstacles. There will be a long haul to market for the following reasons. First, there is a lack of clarity about funding models. Assistive technology has a low priority in health and social care strategies [10] , so public and insurance funding schemes are strictly limited. Potential purchasers of MAGIC-HAND are likely to be private individuals who would have to find the product in catalogues or from the very small number of specialist retailers. An individual who is likely to benefit from MAGIC-HAND might also need multiple AT devices for tasks such as washing, toileting, door and curtain opening, security and environmental control, etc, so the total cost of a "complete package" could be daunting. Secondly, the market demand for such a product is unlikely to be high because it is a specialist product for the AT sector and will not have the benefits of large market volume and hence reduced manufacturing costs. Marketing for the LIDS-OFF product was estimated at $1.5 million [11] but marketing costs of that scale cannot be expected for MAGIC-HAND. Even the terminology for assistive technology is confusing, with the terms electronic assistive technology (EAT), environmental control systems (ECS), smart homes and domotics used interchangeably. "Buzz" words such as "intelligent devices" abound. Assistive technology is poorly defined and described.
Erika Feinberg, CEO of ActiveForever a company that markets a wide selection of assistive daily living aids was reported to have said, "This market is so far behind, it's very, very antiquated" [12] . Thirdly, the authors encountered significant resistance from mainstream kitchen appliance manufacturers, which are reluctant to enter the "disability market" in which they have no previous marketing experience. Finally, there is a brand image issue; some manufacturers approached by the authors stated that their brand images must remain associated with lifestyles that are projected as modern and attractive. Their advertising is targeted at youth and vitality, not age and fragility.
The next stage for commercialising MAGIC-HAND will be comprehensive beta group testing, from which definitive functional claims could be obtained from a variety of prospective purchasers.
Conclusions
The bottle and jar opening machine offers a high level of functionality for people with severe disabilities but it is only one of a range of devices required for independent living. It is currently believed that the machine is most likely to be used in communal kitchens in sheltered housing, where its availability would support a level of independence but within a supported environment. The current design was focussed on providing a high quality prototype for demonstration and trial purposes, so its cost is high. Information about the development of the machine has been widely circulated to disability support groups and charities to obtain their views and opinions about further development and exploitation. 
